Stress hormones might represent a key link between individual-level infection outcome, population-level parasite transmission, and zoonotic disease risk. Although the effects of stress on immunity are well known, stress hormones could also affect host-vector interactions via modification of host behaviours or vector-feeding patterns and subsequent reproductive success. Here, we experimentally manipulated songbird stress hormones and examined subsequent feeding preferences, feeding success, and productivity of mosquito vectors in addition to defensive behaviours of hosts. Despite being more defensive, birds with elevated stress hormone concentrations were approximately twice as likely to be fed on by mosquitoes compared to control birds. Moreover, stress hormones altered the relationship between the timing of laying and clutch size in blood-fed mosquitoes. Our results suggest that host stress could affect the transmission dynamics of vector-borne parasites via multiple pathways.
Introduction
Stress can have negative effects on animals including reduced growth [1, 2] , diminished reproductive success [3, 5] , impaired cognitive ability [4, 6, 7] , altered social behaviour [8] , immunosuppression, and increased susceptibility to infection [4, 9, 10] . Stressors-aversive environmental conditions that challenge the body's ability to maintain homeostasis-often activate neuroendocrine pathways that result in the release of molecules that help to ameliorate adversity. For example, the hypothalamus-pituitary-adrenal (HPA) axis of vertebrates mediates responses to stressors via glucocorticoid hormones [4] . Corticosterone, the major glucocorticoid stress hormone in birds and many vertebrates, coordinates emergency life-history responses to help individuals endure or recover from stressors [10, 11] . Although many of the molecular and cellular mechanisms of glucocorticoid actions are understood [4] , few studies have considered how stress hormone effects on individuals might influence populations [12, 13] .
For vector-borne parasites, corticosterone could influence epidemiological dynamics directly, by influencing host susceptibility, parasite burden and shedding rate or duration, and morbidity or mortality of hosts [14] [15] [16] . Corticosterone could also influence disease spread indirectly via effects on host contact rates, defensive behaviours, or even attractiveness to or responses towards vectors. Surprisingly though, whereas corticosterone is well known to affect many behaviours [17, 18] , its role in anti-vector defence has been little investigated. Moreover, the effects of corticosterone on vector-feeding choices are also, to our knowledge, unknown. Mosquitoes and other vectors use certain host traits conveyed by olfactory and visual signals to locate hosts [19] , and many such traits (e.g. carbon dioxide (CO 2 ) output, body odour, body temperature, etc.) can be affected by corticosterone. Subsequently, vectors might be able to discern a vulnerable and/or favourable host by attending to corticosterone-mediated traits. Furthermore, although glucocorticoids are not known to affect insects directly, corticosterone could impact mosquito longevity and/or reproductive output via effects relayed through host blood meals.
Our goals in this study were to investigate the effects of corticosterone on (i) vector preferences and feeding success on songbird hosts, (ii) songbird anti-vector behaviours, and (iii) vector survival and reproductive success post-choice of host. We experimentally manipulated corticosterone in adult zebra finches (Taeniopygia guttata) and used the southern house mosquito (Culex quinquefasciatus) to query vector preference, host defence, and subsequent vector productivity. We chose C. quinquefasciatus because it is a geographically widespread, often abundant, and an epidemiologically relevant vector of multiple parasites (e.g. West Nile and St Louis encephalitis virus, and multiple filarial worms and protozoa) [20] .
Material and methods
We used laboratory-reared adult male and female zebra finches (T. guttata) and wild-caught laboratory-reared southern house mosquitoes (C. quinquefasciatus) for all our experiments. See the electronic supplementary material, Methods, for detailed information about finch and vector husbandry.
(a) Corticosterone implant surgery
Corticosterone levels were altered via implantation of either empty (controls) or one or two corticosterone-filled (Sigma Aldrich, St. Louis, MO, USA, product #27840) silastic tubules (7 mm long; inner diameter 1.5 mm, Dow Corning, Midland, MI, USA, product #508-006) according to Ouyang et al. [21] . Birds receiving either one or two implants are hereafter referred to as belonging to 'CORTþ' and 'CORTþþ' treatments. All implants were sealed with multipurpose silicone sealant (Dow Corning, product #732), but just before implantation, a 0.5 mm hole was made through both sides of the implant to facilitate release of the hormone [21] . Implants were administered subcutaneously on the flank of each bird while birds were under light isoflurane anaesthesia. After implantation, the less than 3 mm wound was sealed with a surgical adhesive (Vetbond, 3M, St Paul, MN, USA, product #1469). Finches were allowed to recover from surgery for 2 days before initiation of any additional procedures. See the electronic supplementary material, Methods, for assessment of implant effects on circulating CORT (i.e. validation protocol) and electronic supplementary material, figure S1 for individual concentration values.
(b) Experiment 1: mosquito preferences for avian hosts
This study occurred in November, 2014. Two days after surgery, male (n ¼ 27) and female (n ¼ 27) zebra finches were transferred in same-sex groups of three into 30.48 cm 3 mesh cages (BioQuip, Rancho Dominguez, CA, USA, product # 1450 BSV). A clear plastic panel on one side of each cage enabled visualization of birds. All other sides of the cage were composed of fine mesh to prevent the escape of vectors. Within each cage, we housed one bird of each treatment: control, CORTþ, and CORTþþ. We initiated the mosquito challenge 1 h before lights went off (dusk) by adding 50 blood-seeking female mosquitoes to multi-bird cages. Between the hours of 17.00 and 18.00, we dimmed lights with a single 60 W bulb to mimic lighting conditions for ideal mosquito feeding (i.e. dusk). After this time, lights went off completely, as usual. We allowed mosquitoes to feed on birds until the following dawn (06.00), at which point all birds were bled for corticosterone and DNA (for later vector-host matching procedures, see the electronic supplementary material, Methods). Mosquitoes were aspirated from each cage and pooled into a single plastic vial per cage and maintained at 2808C until processing. For each individual bird, we obtained counts of the number of times we observed a set of pre-defined behaviours, which we predicted would affect vector-feeding success, including (i) the number of hops within cages ('hopping activity') and (ii) the number of vector-directed behaviours, which we specifically defined as including the number of head, tail, and body shakes, feather fluffs, pecks at mosquitoes, and preening-like attempts to remove mosquitoes from the feathers or body observed in videos.
After the 12 h vector challenge, all mosquitoes were aspirated from cages, and the number of total blood-fed and total unfed mosquitoes counted. See the electronic supplementary material, Methods, for further description of behavioural assessments in Experiment 2.
(d) Experiment 3: host blood-meal characteristics and vector productivity
In September 2015, 20 additional zebra finches were implanted as in previous experiments to investigate the impact of corticosterone on host physiological traits and mosquito fitness. Experimental procedures were similar to those above. Blood was sampled immediately after the vector challenge and tested for blood glucose levels (milligrams per decilitre), haematocrit (proportion of red blood cells in whole blood), body temperature (nearest 0.18C), and body mass (nearest 0.1 g). See the electronic supplementary material, Methods, for further details of blood metrics for Experiment 3. The first six fully blood-fed mosquitoes collected from each cage at the end of the vector challenge were individually aspirated into plastic containers (Glad, 32 oz Tupperware containers with 1.5 oz plastic cups in the bottom) that served as mosquito domiciles for the next 20 days. We monitored mosquito survival over the 20 day trial and also quantified the timing of egg laying and number of eggs laid for each individual mosquito. See the electronic supplementary material, Methods, for details about the Experiment 3 vector survival and productivity trial.
(e) Data analyses
We performed statistical analyses using R v. 3.2.3 [22] . We examined vector-feeding preferences, vector-feeding success, and host behaviours with generalized linear mixed models (lmer function, lme4 package) available in the R statistical package (v. 3.2.1; [23] ) and summarized the results of models using Wald x 2 tests ('Anova' function in the R package 'car' [24] ). We visualized the relationship between levels within model predictors using the R package 'effects' [25] . We used univariate analysis of variance to explore treatment-level differences in host physiological parameters (body mass, body temperature, blood glucose levels, and haematocrit score) and a Tukey post hoc test for rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161278 multiple comparisons. We used Cox Mixed Effect Proportional Hazards Models in R [26] to examine the differences in (i) rate of survival and (ii) rate of egg laying in female mosquitoes. We used a linear mixed effect model to examine the relationship between clutch size and time to egg laying as a function of treatment with host ID as a random effect. We limited our analyses of reproductive success of mosquitoes (clutch size and day of egg laying) to one week after blood feeding, twice the length of the typical gonotrophic cycle of C. quinquefasciatus [27] ; 70% of vectors collected from bird cages laid eggs within this period of time, 18% laid eggs after day 6, and 12% did not lay clutches at all or died before laying eggs. Effects of corticosterone on mosquito survival were assessed over the full 20 day trial. See the electronic supplementary material, Methods, for detailed description of data analysis for each experiment. 
Results

(b) Host behaviour and influence on vector-feeding success
The number of hops a bird made in the cage (i.e. hopping activity) was predicted by time (before versus after the addition of mosquitoes into cages) and the interaction between time and CORT treatment (time x figure 2c ). Vectordirected behaviours varied across treatments before and during the vector challenge (figure 2c), and control birds displayed the same number of vector-directed behaviours before and after mosquitoes were added to cages, whereas CORTþ and CORTþþ birds tended to increase the number of vector-directed behaviours they displayed during the mosquito challenge.
The effect of hopping activity and vector-directed behaviours on the blood-feeding success of vectors (e.g. number of blood-fed vectors recovered, Experiment 2) depended on both CORT treatment and an interaction between CORT and the behavioural metric measured. That is, there was a significant effect of the number of hops (x 
Discussion
Our data suggest that the negative impacts of glucocorticoids on individuals might heighten disease risk for other members of a population or community. Zebra finches with experimentally elevated CORT were preferred approximately 2 : 1 for feeding by southern house mosquitoes, a geographically widespread and abundant parasite vector (figure 1). These results were not simply due to reduced movement (hopping activity) or lack of attendance to biting vectors in CORT-treated birds [30] ; indeed, birds in the CORTþ group displayed more vector-directed behaviours during a challenge with hostseeking mosquitoes ( figure 2a-c) . Combined with the effects of corticosterone on vector reproduction, stress hormones might also impact disease risk in a community through positive or negative effects on vector abundance.
(a) Stress hormones and host traits
Vectors use a variety of cues to locate hosts [19] . Among many traits, CO 2 output, body size, and body temperature are used to determine host presence and navigate towards hosts [19] . However, mosquitoes are well known to exploit hosts based on additional features, including age [31, 32] , sex [19, 33] , and species [34] [35] [36] . Also, vector preferences for the same individual can change over a trajectory of infection [37] [38] [39] , and can be dependent on the composition of microbiota living on the skin of hosts [40] . Selectivity means that some groups of hosts may be disproportionately responsible for transmission dynamics of vector-borne parasites [34] [35] [36] . Understanding mediators of vector preference may allow the identification of key hosts (individuals or cohorts) that support transmission within the larger host community and may lead to targeted disease management approaches. We hypothesize that corticosterone affects many proximate mediators of vector feeding. For example, changes in volatile metabolites are associated with parasitic infection [41] and could alter host attractiveness [42] . Stress can also affect body odour [43] [44] and may act on vector behaviours. Relatedly, feedbacks between neuroendocrine hormones and the microbiome exist [45] and could influence how vectors choose hosts. Additionally, the prime physiological effect of corticosterone is gluconeogenesis, and associated signals such as CO 2 output, metabolic rate, and changes in the composition of blood or expired breath could attract vectors to hosts. Regardless of the mechanism, our study is the first to demonstrate that host corticosterone directly affects the frequency of contact with vectors.
We hypothesized that hopping as well as head, tail, and body shakes, preening, and feather fluffing would increase in the presence of vectors and that these types of behaviours would also be most effective at discouraging or dislodging biting vectors. A comparison of pre and post-mosquito-challenge behaviours revealed that the number of hops around the cage decreased in all treatment groups during the vector challenge, though more so in the control birds than in CORTþ or CORTþþ birds (figure 2b,c). We did observe finches standing still and visually following vectors immediately after they were added into the cage. Some birds actively consumed vectors in mid-air or pecked at vectors in the cage, suggesting that an additional host defence strategy might involve increased vector predation by avian hosts. While comparatively less active in terms of hopping behaviour, many finches increased the number of vector-directed behaviours after mosquitoes were placed in cages. This effect was seen in the CORTþ and CORTþþ treatments.
In terms of efficacy of behaviours in preventing successful vector feeding (electronic supplementary material, figure S3a), greater hopping activity was associated with a decrease in vector-feeding success, but this pattern was only apparent in the CORTþ treatment. Thus, what we defined as defensive might have instead had context-specific effects on vector-feeding success. For example, vectors strongly preferred to take meals from CORTþþ finches, and CORTþþ birds also hopped more than control birds during the mosquito challenge, though not more than CORTþ birds. More importantly, hopping in CORTþþ birds did not prevent vectors from feeding. Thus, hopping was either completely ineffective or, beyond some functionally relevant threshold, increased hopping activity acted to strengthen proximate cues to vectors (e.g. increased body temperature and/or CO 2 output [19] ). By comparison, elevated hopping activity within CORTþ birds was associated with slightly reduced vector-feeding success (electronic supplementary material, figure S3a). With respect to vector-directed behaviours, again, only within the CORTþ treatment did these behaviours protect birds from successful mosquito bites (electronic supplementary material, figure S3) . Perhaps, what we operationally defined as 'defence' peaks in utility at some point, beyond which hosts may become so attractive to vectors that their defences are overwhelmed. In essence, CORT effects on defensive behaviours appear nonlinear.
(b) Stress hormones and vector traits
CORT treatment affected the relationship between the timing of egg laying and clutch size, but we do not feel it appropriate yet to conclude whether such effects were positive or negative. Specifically, mosquitoes feeding on CORTþþ birds showed a decrease in clutch size over time, a trend not observed in vectors feeding on control or CORTþ birds (electronic supplementary material, figure S6a,b). Although these results are compelling, we encourage future work on this topic with more statistical power. Such research will be demanding as it is natural for few mosquitoes to breed soon after blood feeding. Here, peak vector reproduction occurred, on average, 4 days after taking a host blood meal but some vectors reproduced earlier (3 days after feeding). This bias in the number of clutches laid at early time points presents a statistical challenge (low sample size and high leverage of early points in the analysis). With respect to the timing of reproduction in nature, even slight differences in the timing of egg laying could be biologically meaningful and epidemiologically influential [46] . The sooner a female lays her eggs, the sooner she herself can go on to bite another host and potentially transmit parasites [46] .
(c) Ecological relevance
Average corticosterone levels in our study were within a range of observed values of other songbirds exposed to natural stressors [47, 48] or experimental conditions where hormones are exogenously manipulated [49, 50] . Exceptions include one outlier in Experiment 1 and multiple outliers in Experiment 2 (electronic supplementary material, figure S1 ). The latter outcome is perhaps due to our sampling method; design constraints prevented us from rapidly sampling blood within 3 min of capture in a separate room outside of rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161278 the housing facility, as was performed in Experiment 1. It is challenging to conduct naturally representative, yet manipulative studies of CORT when CORT itself is but one aspect of a regulated, dynamic homeostatic system. These challenges are well summarized in several recent papers on the context and dose dependency of implant effects [51, 52] and alternative implant methods [53] . We chose the zebra finch as our study species because many wild species respond adversely to captivity [54, 55] . Unfortunately, even though the role of corticosterone in the zebra finch's life history and physiology has been studied [56, 57] , corticosterone has not been measured in wild zebra finches. Our use of two CORT doses here meant to emulate variation in CORT levels achieved under stressed conditions in the wild. Many stressors (i.e. road noise, pesticide and other toxicant exposures, predation risk in a habitat, infection, light pollution, etc.) span (at least) the time frame over which we examined hormone levels. Much more work is necessary regarding the interplay of host CORT dynamics, vector-feeding behaviour, host defences, and mosquito productivity.
Conclusion
Heterogeneity in vector interactions with hosts has been implicated as a key mediator of epizootic risk [34] [35] [36] 58, 59] . For example, the American Robin (Turdus migratorius) in some regions of North America and the common blackbird (T. merula) in a region of Italy are bitten more frequently than expected from their relative abundance [34, 35] . Mechanistic investigations of why these hosts are preferred over others would be particularly useful in the light of our findings, especially in locations where vector-borne diseases are emerging and hosts are naive [39] . In general, understanding the ramifications of individual host stress biology for community disease risk is important, as host organisms are forced to endure or exploit increasingly modified areas [60] . As interindividual variation in competence is likely to vary extensively among hosts, disease risk may be greater than predicted based on current models [61] because of the disproportionate effects of some individuals on vector feeding and subsequent productivity when hosts are stressed [62, 63] . 
